A new mathematical model of a Galfenol driven linear motor was presented in this paper. The given motor operated at slip-stick mode. Its dynamic model was analyzed, and motion equations were given. Analytic solutions of the step-size then were obtained by solving the motion equations. At last, simulation blocks and experimental system were established, and the simulation and experimental results were compared testify the model and theoretical calculations. The results illustrated that the simulation model and step-size expression have high prediction accuracy.
INTRODUCTION
I resisted all the way: a new thing for me, and a circumstance which greatly strengthened the bad opinion Bessie and Miss Abbot were disposed to entertain of me. The fact is, I was a trifle beside myself (Zhang, 2010) ; or rather out of myself, as the French would say: I was conscious that a moment's mutiny had already rendered me liable to strange penalties, and, like any other rebel slave, I felt resolved, in my desperation, to go all lengths (Wang and Li, 2016) .
In the last decade, the demand for precision positioning devices, including the inchworm motor, inertial impact motor and ultrasonic motor, is kept increasing. Which are widely used in the fields of optics, semiconductors, bio-medicine and robotic industry. In order to achieve nano-scale displacement, smart materials such as piezoelectric materials, magnetostrictive materials and shape memory alloys, were began to use as driven elements of the motor to replace traditional electromagnetic motors (Kang et al., 2006 , Hattori et al., 2014 Lucian et al., 2016; Kim and Sadighi, 2010; Zhang et al., 2010) .
To achieve high performance, accurate models and feedback control methods are needed in the applications of the linear motor. The models of the piezoelectric type linear motor have been investigated by many researchers (Liu et al., 2015) . A simple analysis was made by Furutani et al. about the calculations of IDM's (impact drive mechanism) step-size by using Newton's second law (Furutani et al., 1998) . After that the spring-damper-mass model was commonly used in modeling of piezoelectric motors (Ten et al., 2003; Lee et al., 2007; .Utilization of friction models of the Coulomb model, the LuGre model and the Leuven model was reported in reference Hunstig et al. 2013 , Edeler et al. 2011 and Ha et al. 2005 . Besides this, the dynamic substructure technique (Shen and Yin, 2009) , distributed parameter method (Fung et al., 2008) and genetic algorithm (Ha et al., 2005) are also employed to help modeling. A general modeling and simulation methodology for impact micro actuators became an aim for researchers to study (Zhao et al., 2004) .
Compared to the abundant research results of the piezoelectric motors, the research on the modeling of magnetostrictive motor is very rare. Yang and co-workers presented the dynamic model of magnetostrictive linear inchworm motors (Xu et al., 2012 and .In these two lectures, a nonlinear constitutive model of magnetostrictive was utilized to calculate the elongation of the Terfenol-D rod. Zhao and Lu established a simulation model of a Terfenol-D driven IDM by employing the spring-damper-mass dynamic model and improved Coulomb friction model (Zhao and Lu, 2016) . In reference Zhang et al. 2010 , Ueno and Zhang built a model of a miniature Galfenol IDM. But none of above mentioned literatures gave the expressions of the magnetostrictive linear motor's step-size, which is very important for estimating the motion performance of achieving feedback control.
Due to this, we presented a dynamic model of a Galfenol driven inertia impact motor. The photo of Galfenol motor is shown in Fig.1a , the motor is driven by a Galfenol rod. In this paper, the force conditions of the motor in the slip-stick mode were analyzed, and the motion equations were given. Then analytic solutions of the step-size were obtained by solving the motion equations. At last, an experimental system was built to test the motor's motion performance, and the experimental results were compared to the results of simulation and numerical calculation. The details are provided in the following sections. 
Dynamical model of the motor
The structure of the magnetostrictive motor has been given in Fig.1b , according to this construction. We can establish a simplified model, which is shown in Fig.2a . The simplified model includes three parts, the magnetostrictive actuator, the shaft and the slider. x R (t) is the displacement of the shaft, x s (t) is the displacement of the slider, g is the gravitational acceleration and α is the included angle between the motor shaft and the horizontal plane. Fig.2b shows the dynamic model of the magnetostrictive actuator, a spring-damper-mass model was used to do mechanical analysis of the magnetostrictive actuator. In this figure, F d (t) is the Galfenol rod generated force; k and c indicate the equivalent stiffness and equivalent damping coefficient, respectively; m R is the mass of the shaft.
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Magnetostrictive materials model
The magnetostriction of magnetostrictive materials is based on the quadratic domain rotation model of magnetostrictive material (Jiles, 1998) , such as Eq.
(2) and Eq.(3). Where, ε is the unit length of total strain, σ is the unit stress, E is Young's modulus, λ is the magnetostrictive coefficient, λ s is the saturation magnetostrictive coefficient of Galfenol. M is the magnetization and M s is the saturation magnetization.
Magnetization
The relation of magnetization and applied magnetic field is given by Eq.(4).And by using Ampere's law the magnetic field strength can be described as Eq.(5).
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Where, µ r is the relative magnetic permeability, l r is the length of magnetic field, N is the turns of coil and I is the amplitude of driving current.
Force
Substituting equation (3), (4) and (5) into Eq.
(2), the axial thrust Fd generated by Galfenol rod can be expressed as,
STEP-SIZE ANALYSIS
According to formula (1) , the motor's motion equation can be expressed as, 
When using a discrete signal as the excitation signal, the total operational period is 2T.
RESULTS AND DISCUSSION
In this section we simulated the motion performance of the test motor and calculated the step-size derived from the analytical equations.
Setup of simulation and experimental systems
The parameters of Galfenol rod and the magnetostrictive motor were determined by Tal.1 and Tab.2. The simulation block was built depending on the dynamic model of the motor by using Maltlab software. With this function block, the displacement and velocity curves can be obtained. Acceleration of gravity g 9.8m/s 2
The experimental system to test the performance of Galfenol motor is shown in Fig.3 . In this experiment, the driving signal is constituted by using dSPACE-DS1103 to generate driving signal and acquire data from measurement instruments. The 0-1V saw-tooth signal was amplified into 0-2A current by amplifier AE7224. A Laser displacement sensor Ltc-025 (with resolution 0.12μm) and a Grating displacement sensor MTI-2100 (with resolution 2.5nm) were used to measure the displacement and the minimum step-size of the motor. 
Simulations and experiments
Simulated motion performance of the Galfenol motor is shown in Fig.4. Fig.4a and Fig.4b shows the forward and backward movement when the saw-tooth current rises slowly then falls quickly and rises quickly then falls slowly at 30Hz, respectively. The step-size of the given motor is 0.21μm. Fig.4d displays the curves of the step-size with the change of working frequency at 1A driving current. When the working frequency is 50, 100, 200 and 400Hz, the motor displays typical "step" shape movement trajectory. But when the operation frequency increases to 500Hz, the motion curve becomes a line. Which means at this frequency the motor operates at slide-slide mode. Fig.4e and Fig.4f summarized the changes of the step-size and velocity with varying excitation current and operation frequency. The maximum step-size is 4.61μm and the maximum velocity is 2.3mm/s. Fig.5 reveals the experimental displacement curves of the test motor. Fig.5a shows the motor's displacement when the driving current I is 0.5A and the operation frequency is 30Hz. The given motor works at a low excitation voltage, and output a clearly "step" shape movement. Its step-size is 0.2μm, comparing to the simulation result given in Fig.4a , the error between experimental value and theoretical value is only 0.01μm. Fig.5b shows that when the driving current increase to 1.0A, the motor's step-size is 2.1μm. The minimum step-size is given in Fig.5c , which is 8nm. When continued to increase operation frequency, the test motor will excessive to slip-stick mode at 500Hz. This phenomenon is consistent with the simulation results in shown in Fig.4d .
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CONCLUSION
In this work, a new type of Galfenol driven magnetostrictive inertia impact motor was modeled. The dynamic model of the given motor was analyzed by suing the spring-damper-mass model. And then the motion equations were obtained. Finally, the simulation block and experimental system were built to testify the mathematical model of the step-size. The main experimental results and conclusions can be summarized as below,
(1) The dynamic model put forward in this paper can accurately simulate the displacement trajectory of Gafenol motor.
(2) The analytical expression of the step-size can accurately predict the step-size of the motor.
